U4 snRNA became complexed with exogenous U6 RNA
Figure 1. Regenerating Splicing Activity Requires Lsm Proteins
Whole-cell extracts (4 l) prepared from wild-type, lsm6⌬, or lsm7⌬ strains were incubated at 23ЊC under in vitro splicing conditions either in the absence (lanes 1, 3, and 7) or presence (lanes 2, 4-6, and 8-10) of 35 nM unlabeled ACT1 pre-mRNA as indicated for 30 min. 2 l of in vitro translation reaction, containing Lsm6p (lanes 5 and 9) or Lsm7p (lanes 6 and 10) or mock reaction (lanes 1-4 and 7-8), were then added as indicated and all samples were incubated with 2 nM 32 P-labeled ACT1 pre-mRNA for 30 min. RNA was then extracted and analyzed on a 7% polyacrylamide-urea gel and visualized by autoradiography.
( Figure 3A , right panel, lane 3), whereas only 26% and 51% of U4 snRNA became incorporated into U4/U6 het- formation was more efficient when the missing Lsm protein was added. Note that the level of U4/U6 is a balance of U4/U6 annealing and dissociation, and this assay 3A, left panel). Thus, Lsm6p appeared to stabilize the does not distinguish between a requirement for Lsm U6 RNA during the incubation, whereas there was little proteins for annealing of U4 with U6 or for stabilization or no effect of Lsm7p on the total U6 RNA in lsm7⌬ of the U4/U6 duplex; however, Achsel et al. [3] showed extract. This stabilization of U6 RNA complicates the that isolated human LSm2-8 complex promoted the forinterpretation of the effect of the Lsm6p on the level of mation of U4/U6 RNP particles in vitro.
U4/U6 dimer, as a higher level of U6 RNA might drive the Also, in the lsm6⌬ extract, the total amount of U6 equilibrium toward U4/U6 formation. Thus, we conclude RNA was 60% higher in the presence compared to the that Lsm6p is required for maintenance of U6 RNA and absence of Lsm6p (comparing lanes 6 and 7 in Figure  directly or indirectly affects the proportion of U4 snRNA that is complexed with U6 RNA. Lsm7p has a smaller, but nevertheless significant, effect on the level of U4/ U6 dimer in the absence of a significant effect on the level of total U6 RNA. Next, the assembly of the exogenous U6 RNA into RNP particles was examined by native gel electrophoresis. Ablation of the U6 snRNA caused the U4 snRNA to migrate as a heterogeneous smear ( Figure 3B , right panel, lanes 2, 5, and 9). This smear represents a mixture of heterogeneous U4 particles that result from ablation of the U6 snRNA that was in di-and tri-snRNPs. Follow- 3B, lanes 6 and 7) . Therefore, in the absence of Lsm7p, although a significant amount (51%) only be required to reassemble U6-containing RNPs following the dissociation of multi-snRNP complexes such of U4 snRNA was in the form of U4/U6 heterodimer, disnRNP formation was defective and little or no tri-snRNP as penta-snRNPs. Nevertheless, in lsm6⌬ and lsm7⌬ cells, how does formation occurred.
These results suggest that the inability of extracts that newly synthesized U6 RNA get assembled into functional RNP complexes in the first place? It may be speculack either Lsm6p or Lsm7p to support splicing through multiple incubations is most likely due to the inability lated that newly transcribed U6 snRNA can be assembled into RNP particles by a different process than U6 to reassemble functional U4/U6 and U4/U6.U5 snRNP complexes that were depleted during the splicing prosnRNA that has been through a splicing reaction. An obvious candidate as a cofactor for assembling nascent cess. Although the effects of Lsm6p and Lsm7p differ in the greater need for Lsm6p for U6 RNA stability, it is U6 snRNA into RNP particles is La protein (Lhp1 in yeast), which has been proposed to act as a chaperone not clear at which stage the U6 RNA becomes unstable in the absence of Lsm6p. The primary defect could be for polymerase III nascent transcripts. A deletion of the LHP1 gene is synthetic lethal with an lsm8 mutation, an the inability to incorporate U6 RNA into snRNP complexes with the subsequent degradation of U6 RNA.
indicator of genes involved in the same or alternative pathways [20] . Thus, newly transcribed U6 snRNA may Thus, U6 snRNA that is released from dissociating spliceosomes may be degraded in the absence of a assemble into snRNP complexes in an alternative pathway that bypasses the need for Lsm6p or Lsm7p, complete Lsm protein complex, especially in the absence of Lsm6p. whereas U6 snRNA in postsplicing complexes (or added to extracts in snRNP reconstitution experiments) would This defect in the incorporation of exogenous U6 RNA into di-and tri-snRNPs, seen most clearly in lsm7⌬ cell be at least partially dependent on Lsm proteins for the reactivation process. extracts, could have a number of causes. As the reconstituted U6 RNP complexes had a heterogeneous elecThe related Sm proteins have been proposed to stabilize weak snRNA-pre-mRNA interactions in the spliceotrophoretic distribution, other proteins in addition to Lsm7p (or Lsm6p) may be missing from some or all of the some [21] , and the bacterial Sm-like protein, Hfq, also mediates multiple RNA-RNA interactions, suggesting a complexes. Possibly di-snRNP-or tri-snRNP-specific proteins fail to associate with the Lsm-depleted U4/U6 role as an RNA chaperone [22] . Our data support a chaperone-like role for Lsm proteins in assembling or remodparticle, preventing its conversion to tri-snRNP. Nottrott et al. [18] reported that the association of human U4/ eling RNA-protein complexes during the splicing process. As expected for chaperones, the associations of U6-specific proteins with preannealed U4/U6 RNA occurred in the absence of Lsm proteins in vitro. Therefore, Lsm proteins with most RNA substrates are highly transient; for example, Lsm1-7 proteins associate with it may be that some di-and tri-snRNPs formed (indeed, 
